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Abstract

Structural failure of the accelerator grid in
two-grid ion optics due to charge exchange ion
erosion is considered onc of the dominant fail-
ure modes for ion engines. A detailed exami-
nation of three accelerator grids used in long
duration tests of inert gas ion thrusters was
undertaken to characterize the radial mass loss
distribution, tllc local distribution of mass loss
in the erosion pattern and how it varies as the
pattern evolves. The results show significant
broadening of the radial profile compared to
what is cxpcctcd  in space with significant vari-
ations from grid to grid. The local distribution
of mass loss and how it varies with increasing
total mass loss in the erosion pattern was also
found to differ considerably among the three
grids. The results indicate that the details of
the erosion geometry cannot bc ignored when
generalizing test results or modeling grid fail-
ure to calculate useful cngiuc scrvicc life,

Introduction

Xcuon ion propulsion oflcrs a nu~nbcr of benefits
for Earth-orbital and planetary mission applications.
Because of its high cflicicncy and specific impulse ca-
pability, ion propulsion can significantly decrease the
propc]lant  mass or deliver more payload mass and,
for many plauctary missions, substantially decrease
the trip time.  Dccausc ion cngiucs  arc iuhcrcntly  low

‘ Technical Group I.cadcr
‘ Group Supervisor

m Member of the lcclmical Staff

C’alijo rnia

thrust devices, however, extremely long burn times
are required. For instance, a typical small body ren-
dezvous mission would require an engine service life of
8000-12000 hours. Demonstrating engine reliability
for such a long service life by testing alone would  be
prohibitively expensive, so lifetime assessment for en-
gine wearout failure modes must rely to a large extent
on analysis based on an understanding of the physics
of failure. One of the dominant failure modes for in-
ert gas ion engines with tw~grid optics is thought to
be structural failure of the downstream grid due to
ion sputter erosion. Although the magnitude of the
grid wear is dependent on the grid material, the op-
erating conditions and the engine environment, the
process is inherent in ion engine operation and can-
not be avoided. To better understand the spatial dis-
tribution and temporal variation of accelerator grid
erosion, an analysis of the erosion patterns on three
grids used in long duration tests of 30 cm ion engines
was combined with models of the physical processes
involved in grid wear. The results show that the use-
ful engine life is strongly dependent on the local and
global distribution of erosion and that the distribu-
tion changes with operating time.

Accclcrator  Grid Erosion Phenomena

A diagram of the electrode system in a two-grid ion
thruster is shown in Fig. (1). Discharge ions produced
upstream are drawn through a sheath that forms at
the entrance to the apertures in the screen grid and
are accelerated by an axial electric field in the inter-
clcctrodc  gap. A radial electric field in this region
focusses the individual ion bearnlcts.  The accelerator
(accel)  grid is biased negative relative to the ambi-
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Figure 1: Diagram of two-grid electrode system and
axial potential distribution.

ent space  plasma potential Lo prevent electrons that
neutralize the primary ion beam downstream of the
engine from backstreamiug  into the discharge cham-
ber. This creates a negative potential well which de-
celerates the primary ion bearnlets.  The beatnlets
arc also subject to radial electric fields in this region
which cause them to diverge.

The acccl grid may be impacted directly by pri-
mary beam ions, although this source of impingement
current can be practically eliminated by proper de-
sign and operation of the ion optics. In addition, the
accel grid collects slow ions generated from neutral
gas in the interelectrode  gap and downstream of the
grid. In space, the engine is the only source of neutral
gas. An inevitable consequence of propellant utiliza-
tion inefficiencies is the leakage of neutral atoms from
tlic discllafge  chamber, although the density of these
source atonx+ drops rapidly downstream of the grid
[1]. In ground test facilities a second population of
ambient gas atoms can exist with a more or less uni-
form distribution and a density determined by the
engine propellant flow rate and the pumping capabil-
ity of the facility.

These neutrals can be ionized either by collisions
with electrons produced by the neutralizer cathode
or in charge-exchange collisions with primary beam
ions. In charge exchange collisions a thermal neutral
atom surrenders an electron which recombines with
a high speed ion. This creates a high velocity neu-
tral atom that escapes with the beam and a thermal
ion. Order of magnitude analyses and experiments
indicate that the contribution from electron-impact
ionization is small compared to that from charge ex-
change processes [1].

The majority of charge exchange ions created in
the deceleration zone downstream of the accel grid do
not have sufficient energy to escape from the potential
well and are therefore drawn to the accel grid. Exper-
iments and particle simulations indicate the existence
of a slight potential hump downstream of the deceler-
ation zone in the beamlets.  In contrast, the potential
aj~pears  to decrease monotonically toward the accel
grid between adjacent beamlets  [1, 2]. Therefore, a
fraction of the slow ions generated in the weak elec-
tric  field downstream of the neutralization plane can
be collected if their velocity is back toward the grid
when they are created. In space, most of the neu-
trals emitted from the discharge chamber have ve-
locities directed away from the grids, so very few of
the charge exchange ions created downstream of the
deceleration zone will be collected [3]. In addition,
the density decreases rapidly in the axial direction,
so fewer ions are generated downstream. However,
in ground test facilities the ambient neutrals have an
isotropic velocity distribution and a significant quan-
tity of the ions created downstream will impinge on
the accel grid. In fact, the charge exchange ions gen-
erated from the background gas appear to dominate
the impingement current in ground-based tests [3, 1].

‘1’he impingement ions follow trajectories that are
dictated by their origin and the structure of the po-
tential near the grid. Particle simulations show that
most of the ions impinge on the downstream face of
the electrode and are focussed into the central part
of the webbing between holes by the radial electric
fields of adjacent bcamlets  [2, 4]. The characteristic
erosion pattern observed on the downstream face of
the accel grid in long duration tests reveals the dam-
age caused by the impingement ions. The photograph
in Fig. (2), taken after a long duration test described
in [5], shows a series of grooves between apertures
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forming a hexagonal pattern with dccpcr  pits at the
intersection points between three holes where the im-
pingement  current density peaks.

Figurc2: l’hotograp  hshowin gthccharactcristi  cfor~n
of acccl grid crosicm  on the downstream surface.

Figurc3: l’hotographs  howingt  hccrosions tructures
typically found on the rrpstrcam  surface.

‘1’hcmasslossin thepitsa  ndgroovcsi  scauscdby
sputtering, acollisional proccssin which incidcnt  ions
can eject surface atoms. Sputtering occurs only when
the incident ion energy cxcccds a certain threshold
and sufficient energy is transferred in the collision to
ovcrcomc thcsurfacc  binding forccs. Atcncrgics near
the threshold thccjectcd  atoms are usually directly

involved in collisions with the incident ion, although
at higher energies they may be part of a collision
cascade initiated by the incident ion. Sputtering is
characterized by the yield, which is defined as the
expected number of storm ejected per incident ion.
The yield is a function of the ion energy, the masses of
the ions and target atoms, the surface binding energy
and the incident angle, reaching a maximum value
at a particular oblique angle. It does not generally
depend on the current density, but is a function of
the total dose. This can be due to radiation dam-
age accumulation in the target lattice, but in accel
grid erosion is primarily duc to changes in the geom-
etry due to wear. Initially the impingement ions are
normally incident on a flat surface, and most of the
sputtered atoms  escape. As the grooves form, the in-
cident angle may increase, causing the absolute yield
to rise. However, redeposition of sputtered atoms in
the groove can actually result in a decrease in the
net yield [6]. As the pits and grooves penetrate the
accel grid, the net yield may once again increase as
sputtered atoms escape upstream through the grid.

When the pits wear completely through the grid,
the ions incident in that region arc either reflcctcd  in
the interelcctrode  gap and strike the upstream face or
arc focusscd along the chanrrcls. ‘The upstream sur-
face of the grid in Fig. (2) is displayed in Fig. (3)
and shows six triangular through-pits surrounding
one aperture and chamfering around each through-
put caused by ions rcflectcd  in the gap. In addition,
erosion of the aperture walls and upstream edge by
direct ion impingement or charge-cxchangc  ions cre-
ated in the intcrelectrode  gap is noted. After the
through-pits form, grid penetration proceeds along
the channels until complete structural failure occurs.
1,0ss of grid structural integrity as a result of sputter
erosion in the characteristic hexagonal groove pattern
is onc potential failure mechanism. Loss of strength
caused by grid erosion can cause shorts as individ-
ual ringlets or sections of the acccl grid collapse and
bridge the intcrclcctrodc  gap under the electrostatic
stresses. Even if shorts arc avoided, it becomes im-
possible to properly focus the primary ions and pre-
vent electron backstrcaming as large holes in the grid
form.

Accelerator grid sputter erosion can bc minimized
by proper environmental conditions and thruster op-
eration, but  is unavoidable at some level, Relying
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on extensive testing to characterize the grid failure
probability would be prohibitively costly and time-
consuming. It is therefore necessary to model ac-
celerator grid erosion, using available test data and
knowledge of the physical processes that lead to fail-
ure.

Models of Accelerator Grid Failure

Models of the time to structural failure of the accel
grid can be grouped in two classes: models which pre-
dict the integrated mass loss over the entire grid as a
function of time and use a total mass loss to define the
end-of-life and models which predict the local erosion
rate in the grid ccntcr  where structural failure first
occurs and use a local eroded depth or local mass
loss as the end-of-life criterion. An example of the
first model type was presented in [7], in which the t~
tal grid mass loss A4c per unit dose of impinging ions,
defined as the product of the impingement current J.
and the operating time i, is correlated with the accel
grid voltage me~surcd  in five long duration tests. A
linear regression relating the mass Ims parameter to
the grid voltage is used with a total acccptab]c  mass
loss of 70 g, based on the successful completion of a
test in wliich 85 g of material were lost [5], to de-
ter]nine  the useful grid life for a given impingement
current and grid voltage. ‘1’his approach has the ad-
vantage of relating the grid life to macroscopic engine
parameters, but the failure criterion is arbitrary and
it is not clear that conservatism is preserved when the
geometry of erosion and the variation of the erosion
distribution in time is ignored.

It is generally agreed that structural failure will
occur first  in the grid ccntcr  when the bridges be-
tween erosion pits arc completely worn away, leaving
tllc ringlet surrounding a single aperture free. Mod-
CIS of failure in the grid ccntcr  can bc further di-
vided into two catcgorics,  those that corrclatc  local
crmion  rates with global  engine parameters and those
that consider the global and local distribution of mass
Ims. The simplest model of local grid failure outlined
in [8] is based on the assumption that the cr~ion rate
in the bridge region is constant. An average eroded
depth of 76 pm at the bridges in the center of a 30
cm diameter grid measured after 906 hours of oper-
ation on xenon at 5.5 kWc was used to calculate a
bridge cresion  rate of 84 pm/khr.  Extrapolating this
erosion rate to failure yielded a ]ifctimc at the ground

test conditions of 4300 hours and a total mass loss of
77 g. This rate was then scaled by the ratio of the
impingement current expected in space to that mea-
sured in the test to yield a useful life of over 11,500
hours in space. This rate could also bc scaled by
the ratio of sputter yields at different energies cor-
responding to acccl grid voltages to predict the time
to failure for different operating conditions, assuming
that all of the impinging ions strike the surface with
the full grid potential,

“2= ($) (3 (?) (1)

In this equation dtL?, Jaz and Y2 are the bridge er~
sion rate, accel grid impingement current and sput-
ter yield for condition 2, and dbl is the bridge eroded
depth observed in time tl and Jal and YI are the
corresponding impingement current and yield. This
model is also simple to use, but relics on an extrapo-
lation to operating tirncs over an order of magnitude
longer than actual test experience using an unsub-
stantiated assumption of a constant erosion rate.

To study the gcolnctry  of the grid erosion and the
approach to structural collapse a two grid, 30 cm ion
accelerator system was tested to failure [9]. The wear
rate was artificially accelerated by operating at a vac-
uum chamber pressure of 3.5 x 10–3 Pa and a compar-
atively  high accel grid voltage of -500 V. The engine
actually failed after 633 hours when the grids were
shorted together by a flake of material that had been
sputter-deposited on the screen grid from the accel
grid, but the grid was also very near structural fail-
ure. Inspection of the grid after 145 hours and 633
hours showed that the erosion was largely confined
to the pits and grooves pattern and that the fraction
of the webbing area encompassed by this pattern (de-
termined  by the diameter of the pits and the width of
the grooves) was approximately constant with radial
position on the grid and over the course of the test.
lhcse observations lcd to the definition of a failure
criterion based on the re~noval  of all of the material in
the pits and grooves pattern in the center of the accel
grid where the impingement current density is high-
est, with the assumption that the grooves are square
channels with straight, vertical walls. The total mass
loss at failure is then given by the expression

~f = Abt.~(1 – ~.)~fa, (2)
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parabolic cross-section. This reflects the cxpcrimcn-
tal observation that the cross-section in the bridge
region is approximately parabolic when the bridge is
finally penetrated in the center while the cross-section
in the pits at failure is much closer to square. The
failure criterion is defined as the point at which sufi-
cicnt  mass hashcen removed from the erosion pattern
with the chosen cross-sectional area that the bridges
surrounding the center hole collapse.

The model w’as  used to assess the service life capa-
bility of the 30 cm diameter xenon ion engine pr~
posed for the NSTAR (NASA SEP [Solar Electric
I’repulsion] ‘lecbnology  Applications Readiness) Pro
gram. At a power level of 4.65 kWe and with an
eroded area fraction of 0.4 the useful service life of
the engine with a 50!%0 risk of failure (corresponding
to the deterministic life estimate using nominal val-
ues of the input parameters) ww only 4070 hours and
the life with 0.l% failure risk was 2100 hours. At a
deratcd  power level of 2.3 kWe the corresponding life-
times were about five times higher. This shows that
the lifetime with acceptable failure risk can be sub-
stantially lower than that estimated dcterministically
using nominal parameter values. Uncertainties about
the eroded geometry at failure, the net sputter yield
and the impingement ion current in space were found
to be the primary risk drivers.

This approach accounts for the gocmetry  of the
erosion pattern, but only predicts the point of failure.
It cannot be used to describe the local geometry prior
to failure, so it is difficult to compare it with non-
failurc  test data.

Another approach based on an empirical correla-
tion of the local erosion rate to global engine paran~-
ctcrs  is discussed in [11]. This correlation, plotted in
Fig. (4), relates the average eroded bridge depth in
the grid ccntcr  to a “Grid Erosion l’arameter”  (G13P)
defined as . . . .

(6)

l)ata from seven long duration tests arc fit with a
line, implying a relationship of the form

db = Co + (71 (GE]’) (7)

where db is the average eroded dcpt}l at the bridges in
the grid center and C’. and Cl are constants. ExtralJ-
olating  this correlation to the point of grid structural
failure yields unreasonably long lifetimes, so its use
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Figure 4: Correlation between the eroded bridge
depth and global thruster parameters.

has been restricted to values of the GEP less than 40,
for which it generally predicts service life values much
larger than the models ba.scd on total or local mass
loss in the pits aud grooves pattern. No physical jus-
tification for a linear relationship between the local
erosion rate in the grid center and these global pa-
rameters  has been proposed, and it is not clear that
ignoring the local erosion geometry is justified.

The rneasuremcnts  discussed in this paper were
made to characterize the spatial distribution of mass
loss and the variation in erosion rates with ion dose to
gain a better understanding of the local erosion pro
cesscs.  The objective was to test the assumptions of
the various models; in particular to resolve whether
the details of the spatial and temporal distribution
of mass loss can be ignored in correlations relating a
particular failure criterion to global engine operating
parameters.

Almlysis  of Grid Erosion Structures

Grid Documentation and Wear Test Condi-
tions

The global and local distribution of mass loss on three
30 cm diameter accelerator grids from tw~grid op-
tics systems used in long duration tests with inert
gas propellants were studied using several different
techniques. The three grids were designated Grid 42,
Grid X901 and the lTF1 Grid, The grid geometry
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Measured hole C&lter-Center Open D i s h  ‘~>ish Active Area

Grid Thickness Diameter Hole Spacing Area Dcptll I)iameter Diameter Refs.
(mm) (mm) _ (mm) Fraction (cm) (cm) (cm)— ———

42 0.564 1.27 2.21 0.30 2.34 30.5 28.6 [5(8;]
X901 0.373 1.14 2.21 0.24 2.5 31.4 28.6

~“1’Fl’ 0.361 1.14 2.21 0.24 2.1 28.9 28.6 [9]

Table 1: Accelerator grid geometry.

Tank ‘Accel Beam Acccl Test
Grid l’hruster l’ropel]ant, Pressure Volt age C u r r e n t  C u r r e n t  D u r a t i o n  Refs.

(Pa) _  ( v ) (A) (mA) (Hours)
42 J2 IIg - -300 4 520 [5, 7]

x c -500 25 300 [5, 7]
Xe 2 x 10-3 -510 5.0 47 740 [5[!:]

X901 l,ab  Model Xe 1.7 x 10-3 -330 3.2 17.4 1160
TTFrl’ J-Series xc, Hg

Xe 3.5–4 x 1 0 -3
-500 2.8 35 633 [9]

Table 2: Wear Test Conditions.

and a summary of the test histories are given in Ta-
bles (1) and (2). llrrthcr details can bc found in the
indicated references. Grid 42 is a J-series accel grid
with a substantial previous test history. The final test
dcscribcd  in [5, 7] was with a J2 thruster operated on
xenon at 10 kWc for 740 hours. Before this test the
grid had deep pits and grooves with small through-
pits out to a radius of 5 to 7.6 cm, Grid X901 is a
modified J-series grid with a deeper dish depth and
dish radius .dhich was run on xenon wit}l a laboratory
model ring-cusp thruster at 5 kWc for 1160 hours [8].
The  grid had not been used prior to this test. The
‘l’’l’l~rl’ Grid is a J-series acccl grid used in the test-to
failure discussed above [9]. l’hc  engine was a J-series
thruster wtlicll had been modified to operate on inert
gases and approximate the magnetic field configura-
tion of a ring-cusp engine. ‘1’hc  grid had been used
in an undocumented amount of previous testing, but
there was lninimal  erosion prior to the final test.

Grid Erosion Mcasurcxncnt  Tcclmiqucs

“1’wo  types of analyses were conducted on these grids;
a nmwrcmcnt of the radial mass loss profile and
characterization of the scale and distribution of ero-
sion on the surface. ‘1’hc  radial mass 1=s distribu-
tion was measured by cutting the grids into seven

concentric rings by wire clcctr~discharge machining
(EDM).  The ~rst  cut produced a disk with a diame-
ter of 1.27 cm. Subsequent cuts were made in radial
increments of 2.54 cm. The  width of the cut using
this process is only about 0.3 mm. The rings were
then weighed, in general using two balances with the
better balance providing a resolution of less than +2
mg. Agreement between the two measurements was
invariably excellent. The actual inner and outer di-
ameter of the rings were measured and used to calcu-
late the ring surface area, correcting for the grid cur-
vature. These  measurements yielded the final mass
per unit area for each ring, which was subtracted from
an estimate of the initial mass per unit area to ob-
tain the mass less per unit area. The initial mass was
estimated using the relationship

M;’ = (1 – #.)tap, (8)

which is the largest source of potential errors. The
grid thic.kncss  t., listed in Table (l), is the thickness
calculated from mcassurements made on the periph-
ery where no erosion is expected with a correction
which assumes a uniform thinning of the grid in the
dished region from the hydroforrning  process. The
calculated thickness has an uncertainty on the order
of +.5 Yo. The  density of the TTFT grid was measured
and found to be within 2% of the published density of
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I’igurc 8: Cross-sectional cuts along 11-11  for clifferent
radii on the ‘1’’I’1c”1’  Grid.

I;igurc 7: (;rc,ss-scc.tiol]:ll  cuk along 11-11 for diffcrc]lt
r a d i i  011 [Jrid 42.

duc j)ril]larily to it]llo]nogcnei  t,icx ill tfic cross-sect ion
il]]age,  I)ut  were  probably less tflal]  shout 3 391,

Results and Iliscussiol]

Macrwsco])ic  Ilroadcming  of the Erosion I’x-o-
filc

‘1’llc ]nass loss IJcr unit area is displayed irl l’ig. (9)
and a surtllllary  of tllc i]ltcgral a]ld  distril)utioll c.llar-
actcristics is ~ivcn  in ‘1’ahlc (3). ‘1’he il]tcgratcd ]nass
loss agrcm well with that calculated for Grid 41 [7]
aild ttlr ]Ilca.sllrcd  value f o r  G r i d  X9(I1 ‘1’lle ‘l’rl’IJrI’
Grid lost al)out 44 g of matcria]  in tltc filial test, so
tllc 18 g diffcrcllcc  Iwt,wcc.n  that, al~d tl~c i n t e g r a t e d
Y,aluc was ],rol,ably lost in J)rior  tests,

‘1’llc erosion l,rofilc  flatness ])aralnctcr, dcfitlcd  as
t}lc ratio of II)c average []mss loss I)cr uliit area to tllc
}Wak Valllr, ~lcili(>l~strates  l~ow dill’rr(]lt  tll~’ I)ro[ilcs
f o r  tl,, tll[tc gritls arc. ‘1’l]is is stlolvtl  drarllatical]y i])
ttlc I)lot of fraction of cllc.loscd  l])ass  loss ;i.s a fullc(ioll
of radius ill l’ig.  (10). ‘1’his f[gure slIows,  for inst, a]lcc,
tl}at 50% oft Ilc total I]]ass  loss fron] (;rid 42 occurrd
frorll  witflil]  a  ril(lills  o f  9,6 Clll, and w’a.s distril)ute<l

cwcr ar] area of 292 Ctl)z. 111  co~ltrast, 50%0 of tllc ~nass
loss frort) Grid X901 was contained within a radius of
7.9 cil~, wllicll  contai]ls only 2/3 the area over which
tllc salne fraction of ]rlass  loss was  distrit)uted on Grid
42. ‘J’l]c  erosion profiles are also ]nuch  broader than
tlas  I)cen assur]]cd  for o])cration in space [10, 9]. ‘1’he
cllargc excl]ange i o n  for~nation  rate  at  a  ~)articular
[~oint is given by

where  ~b is the beam current density, no is the neu-
tral density a]ld  OCT is the cross section for charge
cxchangc  rcac. tions. lrl space the only source of ncu-
trak is the engine and the density drops rapidly in
tile axial direction. Most cllargc cxchangc  ions crc-
atcd froln the ncmtral coml)oncnt of  the  I)lurnc  w i l l
thcrcforc bc forrmd near the grids where tllc p o t e n -
tial is doroinakd by the sheath and the cquil)otm-
tial lirlcs  arc csscntia]ly parallc] to the surface, ‘1’llcsc
charge cxcliange  io]ls will consequently strike the grid
CIOSC  to tllc same radial atld zuirnuthal ~)ositior] wl]erc
tllcy wm generated. ‘1’IIc irllI)illgcn]cnt currcrlt radial
distrit)ution s h o u l d  I)c coritrol]cd by tl]c  l)carll  cur-

rcrit dens i ty  distrihutiorl arid  the radial distril)ution
of tllc rlcutrals, both of wtlich  arc peaked on tile cen-
tcrlinc. lon engirle bearr]  flatness pararnckrs arc gerl-
crally or] tllc order of ().5, which is significantly lcrwcr
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Measured Integrated Average Peak ‘“ Flatness
Grid M a s s  1,0SS Mass  1,0SS I.oss/Area Loss /Area  Pa rame te r

(g) —  !&——(mg/cm2)  (mg/cm2)  j.
42 85 i5.3 137.9 154.6 0.89

1 “1’TFT 62.6 100.5 141.1 0.71
X901 19.8 21.3 34.7 56.6 0.61

‘1’ab]e  3: Grid Mass I,oss Summary,
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Figure 9: Radial distribution of mass loss per unit

area.

than the flatness parameters for the erosion distribu-
tions, which range from 0.61 to 0.89. The broadening
of the erosion profile is thought to be a ground test ef-
fect created by the generation of additional charge ex-
change ions far downstream from the ambient neutral
gas present in test facilities. ‘Iihere arc two potential
mechanisms for this broadening. In a field-free beam
the charge exchange ion trajectories will be deter-
mined by the distribution of thermal velocities. For
an isotropic dist ribut ion, a charge exchange ion cre-
ated on the centerline will have a much greater chance
of hitting the grid at larger radii simply because the
solid angle is larger for such impacts. In addition,
a plasma plume expanding into a vacuum generates
an ambipolar  electric field which is perpendicular to
the density gradient. Charge exchange ions created
downstream il~ the plume will therefore be subject to
a field with a radial component which tends to spread
the distribution as it flows back toward the grid.

This hypotbcsis  was qualitatively verified with a
1’article-In-Cell (1’IC) simulation of an ion plume in-
teracting with two populatioI1s  of neutrals, a ncu-

0 2 4 6 8 10 12 1

Radial Position (cm)

Figure 10: Raction of enclosed mass loss as a function
of radius.

tral plume from the engine modeled as free molecular
flow from a point source and an ambient neutral gas
with a uniform density. The computational details
of the model are summarized in Appendix A and in
[12]. ‘1’his code was used to calculate the radial dis-
tribution of the impingement current generated by a
beam with a gaussian current density profile. Figure
(11) shows the beam current density, the impinge-
ment current density generated in the neutral plume
from the engine, the acccl grid current density from
a uniform  background gas and the total accel current
density distribution, all normalized to the peak value
of the distribution.

‘J’he acccl current density distribution is C1OSC to
the beam current distribution. Some broadening is
apparent, evidently from charge exchange ions gen-
erated  downstream of the sheath. The distribution
from the uniform background neutrals is much flat-
ter, though. As shown in this example, the total cur-
rent density falls between the two profiles, but where
it falls, the extent of the broadening, is determined
by how much the ambient background gas dominates

10
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l“igure 11: Distribution of beam and
current density from I)IC simulation.

the charge exchange process.

I,ocal Distribution of Erosion

As the photographs in Figures (2) and

0.8 1.0

impingement

(3) show, the
mass loss is also nonuniformly distribution locally on
the grid. lhcse erosion patterns were first character-
ized for these three grids by Rawlin [7] and Ilrophy
[9]. More detailed cxamiuations were conducted us-
ing the profilomctcr  and destructive analyses to study
the local distribution of erosion and determine how
it changes with time. ‘J’hc mass loss sites indicated
in Figures (2) and (3) were cataloged by Rawlin and
include mesa erosion, aperture wall erosion, a slight
c.harnfcring  of the upstream edge of the apertures,
erosion in the pits and grooves pattern, and undercut-
ting  on the upstream edge of through-pits. Erosion
of trcnchcs  armlnd  the periphery of the active beam
area was observed in several tests, most notably the
test-t~failurc, and is discussed by Rawlin and llr~
phy. ‘J’hc cxccssivc erosion on the grid periphery in
the test-t~failurc is suspcctcd  to bc prilnarily  an ar-
tifact of the high tank pressure used to accclcratc  the
grid wear. Although this assumption has not yet been
verified, that was not the focus of this analysis and
the trench erosion was not examined.

Mesa crosiou on the three grids was dctcrmincd  by
measuring the wcb thickness in cross-sections along
A-A or 11-11 next to apertures in the SEM, as shown
in Fig. (5). ‘lhc  results for the three grids are plotted

1

50&

4 0 0 Grid X901

3(MJ

Radial  Position (cm)

Figure 12: Grid webbing thickness as
radius.

a function of

as a function of radius in Fig. (12). The scatter in
the data is larger than the uncertainty in the mea-
surements  and rcprcscnts  a real variation in webbing
thickness from hole-t~ho]c. In addition, each curve
is composed of six or seven segments, each of which
comprises the rncasurcmcnts  made on an individual
grid bit. The grid bits from a particular grid were
not necessarily taken from the same azimuthal loca-
tion, so some of the scatter may be duc to azimuthal
asyrnmctrics.  ‘J’hc solid symbols are data taken from
B R cross-sections while the open symbols come from
A-A cuts. Linear or quadratic functions were fit to
the webbing thickness data and subtracted from the
initial grid thickness listed in Table (1) to dctcrminc
the depth of mesa erosion. Grid 42 appears to have
lost only 28-35 pm of material, which is considerably
lCSS than reported in [7]. Grid X901 lost less than
10 pm and the test-t~failure resulted in the loss of
25-35 ~irn from the acccl grid. The eroded depth was
then converted to a mass loss per unit area (based on
the entire grid area, as in Fig. (9)), which is plotted
in Fig. (13). This shows that the mesa erosion in all
three cases accounts for lCSS than 5–10% of the to-
tal mass loss per unit area. The SEM photos show
what appears to bc pristine material located between
the upstream hole chamfers on the grids, so the grid

thinning does occur by erosion on the mesas, proba-
bly as a result of a finite irnpingcmcnt  current density

of ions not focusscd into the pits and grooves.

Hole wall erosion waa measured by Rawlin on Grids
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Figure 13: Mesa mass lca per unit area as a function
of radius.

Figure  14: Minimum grid }]oIc diameter as a function
of radius.

X901 and 42” using precision pins [7]. The cross-
sections obtained in this work complement these re-
sults by revealing more about how the hole walls
wear. The minimutn  hole diameter was measured
from SEM images and is plotted as a function of
radius for the three grids in Fig. (14). The ccntcr
hole diameter agrees WCII  with the mcasurcmcnts  by
Rawlin,  but the edge hole diameters arc somewhat
lCSS than the nominal initial diameter. Photographs
of the 11-11 cross-sections in Fig. (6) show the vari-
ation in the hole wall erosion with radius. In these
images, the left hand side is the edge of onc hole,
the white portion is the webbing with two pits and a

bridge in the center and another aperture wall on the
right hand side. lhc first image, of a site near the
periphery, shows that both of the etch cusps are still
visible. The hole diameter increases with decreasing
radius and the wear is fairly symmetric azimuthally
on the 1101c  wall.

The measurements from Grid 42 agree well with
the points measured by Rawlin.  The photomicro-
graphs in Fig. (7) show only the webbing in the B-B
cut, but the aperture walls arc visible on either side
of the webbing. These photos show that the erosion is
asymmetric--the cusp is essentially untouched on the
right hand side, but is very worn on the left hand side.
This is undoubtedly an eflcct of grid compensation or
misalignment, in which the beamlcts  are closer to the
innermost hole wall. The erosion occurs by direct ion
impact or by the formation of charge exchange ions
in the interelcctrodc  gap or inside the aperture itself.
These slow ions would bc attracted to the hole wall
closest to the beam.

Thcholc  diameters on the TTFT Grid are quite
uniform with radius and are about equal to the nom-
inal prc-test value. l’hc  photos in Fig. (8) arc simi-
lar to those from Grid 42, however, with asymmetric
cusp erosion. This suggests that the prc-test diame-
ter  may actually have been slightly smaller than the
no~ninal 1.14 mm.

The complete erosion of the cusps yields a mass
loss pcr unit area which is on the order of 15 mg/cm2
for Grid 42 and 6 mg/cm2 for X901 and the TTFT
Grid. The  partial wear that is apparent in the photos
represents only a few percent of the total mass loss
pcr unit area, however. “1’hc  photograph in Fig. (3)
shows sputter-cleaning of an area around the hole on
the upstream surface. This is another site which is
subject to bombardment by charge exchange ions cre-
ated in the interclcctrodc  gap, but the erosion rates
appear to bc very low.

lhc models which account for the geometry of the
erosion a.ssumc that essentially all of the mass loss is
confined to the pits and grooves pattern. The pits
and grooves were characterized by examining scans
and cross-sections along cuts  A-A and II-II  in Fig. (2).
A typical profilorncter  trace across a groove is shown
in Fig. (15). This example shows that the groove
cross-section can bc reasonably well-reprcscntcd  by
a parabolic profile, as assumed in the probabilis-
tic model [10]. A profile along a groove shown in
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steep walls, so the mcasrrrcments  arc roughly  cq~liva-
]cnt to the width  at the knees. This might cause an
undcrcstimatc of t}lc width for t,hc probabilistic fail-
ure model because it assumes a profile with a shape
that can vary from parabolic to square [10]

lhc TTF’1’ Grid erosion structures were not nlca-
sured with the profrlomctcr,  so SEM measurements
of the width based on the knee locations are shown
in Fig. (19). An estimate of the width of a parabolic

:~----J
o 2 4 6 8 10 12 14

Radial Position (cm)

Figure 19: Groove width measurements for the
TTF2’  Grid.

channel can bc obtained by multiplying these values
by 1.25. The groove width on the TTFl Grid also
incrcascs  slightly with radius. The variation with ra-
dius is most likely due to decreasing bcamlet  current,
which results in less focussing  of the impingement
ions. This interpretation is being investigated now
with the 31) PIC  code of a single aperture developed
by ERC,  Inc. [13, 3]

The measured groove widths were used to talc.ulatc
the eroded area fractions shown in Fig. (20). ‘1’hcse
were calculated using widths based on the positions
of the kllccs in the profiles and the parabolic fits to
the data. ‘

‘1’llc models do not currently consider the distribu-
tion of mass loss within the pits and grooves pattern.
The measured mass loss per unit area can bc scaled
into the area covcrcd by the erosion pattern using the
relationship

where Mjjto, is the aggregate mass 1c65 per unit area

‘:&Fine  ines Calculated from  Width Based  on Parabolic Fit

o 2 4 6 8 10
Radid Position  (cm)

Figure 20: Eroded area fraction based
widths.

12 14

on measured

shown in Fig. (9), Mm,,. is the mass loss per unit
area due to grid thinning shown in Fig. (13) and the
mass loss pcr unit area in the holes M~O1e$  is consid-
ered negligible. When t}lis value is multiplied by the
local area covered by the pits and grooves pattern in
the grid center, it yields the proper mass loss in that
portion of the pattern. The mass loss pcr unit area
in the pits and grooves is shown in Fig. (21) and can
bc related to an equivalent eroded depth deq if the
erosion in this area were uniform,

deq = M;J/p. (11)

Sorb
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Figure 21: Mass loss pcr unit area scaled into the pits
and grooves pattern.


